centers (MTOCs) control a variety of cellular processes including trafficking and segregation of cell-fate determinants during asymmetric cell divisions. The position and movement of MTOCs are governed by distributed force-generating interactions between astral microtubules that extend from the MTOC and a variety of cortical and cytoplasmic targets. Force is generated, for example, by growing microtubules pushing against obstacles (Dogterom and Yurke, 1997) or by molecular adaptors harnessing the energy of depolymerization to pull on shrinking microtubules (Grishchuk et al., 2005) . In addition, molecular motors of the dynein and kinesin families exert forces upon both growing and shrinking microtubules. At the same time, the distribution of force-generating encounters is shaped by microtubule dynamics and by the movements and deformations of microtubule arrays that these forces cause. A key challenge, therefore, is to understand how local force generation and microtubule dynamics are integrated across the cell to move and position MTOCs. In this issue of Cell, Kozlowski et al. (2007) tackle this challenge in the context of asymmetric spindle positioning in the worm Caenohabditis elegans, using a combination of high-resolution live imaging and detailed computer simulations.
During late metaphase and anaphase, prior to the first cell division, the mitotic spindle moves rapidly from the center of the C. elegans zygote to a new position nearer the posterior pole from which it signals to the cortex to position the first cleavage furrow asymmetrically (Cowan and Hyman, 2004) . Elegant experiments by Grill and colleagues (Grill et al., 2001 (Grill et al., , 2003 showed that spindle displacement to the posterior results from unequal forces acting on the anterior and posterior poles. Furthermore, they demonstrated that these forces arise through local interactions between astral microtubules and cortical force generators, and that cortical polarity cues likely control force asymmetry by activating different numbers of cortical force generators on the anterior and posterior cortex. During spindle displacement, the spindle poles also oscillate transversely to the anterior-posterior axis. The biological relevance of these oscillations is unclear, but they likely involve the same machinery that governs posterior spindle displacement, and therefore offer an opportunity to better resolve how this machinery works to position MTOCs.
In theory, there are many ways to make an oscillation. One idea, recently explored by Grill and colleagues (Grill et al., 2005; Pecreaux et al., 2006) , is that a tug of war between antagonistic motors pulling on opposite sides of the spindle pole, plus load-dependent disengagement of the motors from microtubules, makes a positive feedback loop that renders the spindle position unstable. Theoretical analysis supported by experiments shows that this instability, plus a centering force, could account for the oscillations. Kozlowski et al. (2007) combine recent (Srayko et al., 2005) and new observations of microtubule dynamics during spindle oscillations to frame an alternative idea. First, they find that the average cortical residence time of individual microtubules, and thus the duration of local force-generating interactions, is very short, on the order of a second or so. They propose a "touch-and-pull" mechanism, in which cortical force generators pull transiently on microtubules as they depolymerize. Second, they notice that the maximum velocity of the spindle pole (?0.5 µm/s) corresponds with the growth rate of individual microtubules. This means that the dynamics are calibrated (by chance or design) to maximize a form of positive feedback. In this positive feedback, the cortex toward which the spindle is moving encounters more new microtubule ends (because the microtubule ends approach the cortex twice as fast), and makes more force-generating contacts per unit time, whereas the opposite cortex makes far fewer contacts (because the microtubule ends barely approach the cortex at all). Finally, the authors observe that many microtubules appear to associate within persistent astral fibers that may act as guides to "aim" the growth of new microtubules, and that many of these fibers bend progressively as the spindle pole moves from one side to the other, such that their aim swings in a direction opposite to the motion of the pole. If the direction of the force produced by each microtubule is determined by its aim, as the touch-and-pull mechanism assumes, then this would build up a restoring force that would tend to swing the pole in the opposite direction (Figure 1 ).
Kozlowski and colleagues (Kozlowski et al., 2007) go on to build and analyze a detailed computer model, incorporating the observed microtubule dynamics, flexible astral bundles, and the hypothesized touch-and-pull mode of force generation. They show that the model can readily reproduce the basic oscillation dynamics for reasonable choices of unknown parameter values (e.g., the average force per contact). Significantly, when they fix these values to capture the observed frequency and amplitude of the oscillations, and impose the 50% anterior-posterior asymmetry in cortical force generation inferred from laser ablation studies (Grill et al., 2003) , the model predicts the observed dynamics of longitudinal spindle displacement. This finding supports the notion that both kinds of motion arise from the same underlying dynamics. Further analysis reveals some interesting system-level properties. For example, the model predicts a maximum allowable pole speed set by the microtubule growth rate (at faster speeds, the pole outruns its restraints and hits the cortex). Direct observations of microtubule dynamics and spindle pole motions at different temperatures support this relation.
This combination of detailed observation and simulation beautifully highlights an essential interplay between the geometry and dynamics of individual microtubules, and movements of the MTOC. Of course, many interesting questions remain. For example, what mechanism promotes rapid microtubule catastrophe (the transition from microtubule growth to shrinkage) at the cortex? How is it coupled with the mechanism for local force generation? Kozlowski et al. (2007) favor a mechanism in which cortical adaptors harness the energy of shrinking microtubules to generate force, and speculate that the same adaptors could promote catastrophe, but this general hypothesis harbors many variations. What are the relative contributions of positive feedback supplied by a tug of war between opposing force generators (Grill et al., 2005) and those produced by the interplay between spindle pole movements and microtubule dynamics described by Kozlowski et al. (2007) ? One would expect these two feedback mechanisms to work synergistically. Indeed, a variant of the tug-of-war hypothesis is embedded in the Kozlowski et al. (2007) model because the detachment of force generators is assumed to be force dependent, but its contribution to producing oscillations is left unclear. The model that Kozlowski et al. (2007) have built constitutes a flexible working hypothesis for spindle movements that readily accommodates endless variations on these and other hypotheses within a single, predictive framework. As such, it represents an important tool that can be used in the future to weed out untenable hypotheses, to focus attention on key measurements and experiments to distinguish cleanly between viable alternatives, and to explore how different tunings of the same underlying machinery might operate spindle or MTOC movements in other contexts. Midway through an upward swing, the lateral forces are small, and motion is dominated by positive feedback between spindle motion and microtubule dynamics and force-dependent release of cortical force generators. Bending of astral fibers as the pole moves upward aims lateral contacts progressively downward and thus builds a restoring force that helps to stall the upward swing (II) and then drive the pole back in the other direction (III and IV).
